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HIGHLIGHTS 


►  The  gaseous  properties  of  AB2  alloys  were  correlated  to  the  phase  abundances. 

►  The  electrochemical  properties  of  AB2  alloys  were  correlated  to  the  phase  abundances. 

►  AB  phase  was  found  to  influence  storage  capacity  strongly. 

►  Zr7Ni]0  phase  was  found  to  dominate  the  kinetic  properties. 
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In  Part  2  of  this  report,  the  hydrogen  gas  charging  and  electrochemical  properties  of  a  series  of  AB2-based 
metal  alloys  (Ti12.5Zr21V10Crg.5lVInxC01.5Ni46.5_x)  designed  to  have  different  fractions  of  Zr-Ni-type 
secondary  phases  by  varying  the  Mn/Ni-content  were  studied  to  establish  correlations  of  these  prop¬ 
erties  with  abundances  of  the  secondary  phases.  In  the  gas  charging,  the  general  trend  of 
pressure— concentration— temperature  slope  factor  and  hysteresis  is  to  diminish  with  increase  in  the 
Zr7Niio  phase  abundance;  the  trend  of  reversible  hydrogen  storage  capacity  is  to  increase  as  the  TiNi- 
derived  AB  phase  abundance  increases.  As  for  the  electrochemical  properties,  the  number  of  activation 
cycles  needed  to  achieve  a  given  percentage  of  capacity  and  power  decreases  with  increase  in  the  total 
amount  of  secondary  phases.  Trends  of  changes  in  both  the  total  and  reversible  capacities  follow  that  in 
AB  phase  abundance;  the  evolution  of  high-rate  dischargeability,  bulk  diffusion,  and  surface  exchange 
current  is  similar  to  that  of  Zr7Niio  phase  abundance  —  increase  in  the  beginning  and  decrease  afterward 
as  the  Win-content  in  the  alloy  increases.  Other  properties,  such  as  metal-hydrogen  bond  strength  and 
maximum  gaseous  phase  storage  capacity,  are  predominately  dependent  on  the  alloys’  composition,  i.e. 
the  Wln/Ni  ratio. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Laves  phase-based  AB2  metal  hydride  (MH)-forming  alloys  are 
important  candidates  to  replace  the  rare  earth-based  AB5  MH  alloys 
currently  used  in  nickel/metal  hydride  (Ni/MH)  batteries  to  address 
the  increasing  price  of  rare  earth  metals.  The  flexibility  in  both 
stoichiometry  [1]  and  choice  of  element/structure  [2]  makes  AB2 
alloys  more  versatile  when  facing  various  market  requirements.  In 
addition,  unlike  the  AB5  MH  alloys,  which  require  annealing 
processes  to  remove  unwanted  secondary  phases,  electrochemical 
properties  of  the  AB2  MH  alloys  benefit  from  a  synergetic  effect 
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between  the  main  Laves  storage  phase  and  non-Laves  secondary 
phases  present  in  a  cast  structure  and  no  additional  heat  treat¬ 
ments  are  required  [3—10],  Therefore,  understanding  the  contri¬ 
butions  of  the  non-Laves  phases  to  storage  properties  of  the  AB2 
alloys  is  essential  for  improving  the  performance  of  the  AB2-based 
Ni/MH  batteries.  These  non-Laves  secondary  phases  were  found  to 
play  important  roles  in  the  activation,  high-rate  capability,  charge 
retention,  and  cycle  life  of  the  Ni/MH  batteries  [11],  In  one  of  the 
previous  reports,  the  phase  abundances  in  two  groups  of  16  AB2 
MH  alloys  designed  with  various  Sn-,  Fe-,  A1-,  and  Co-constituen¬ 
cies  were  correlated  with  the  hydrogen  gaseous  phase  and  elec¬ 
trochemical  properties  [12],  For  the  first  group,  the  increase  in  C14 
Laves,  ZrgNin  and  TiNi  phases  was  found  to  increase  the  gaseous 
phase  and  electrochemical  storage  capacities  and  improve  the 
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charge  retention  and  cycle  life,  while  lowering  the  hydrogen 
equilibrium  pressure,  decreasing  the  half-cell  high-rate  dis¬ 
chargeability  (HRD),  and  slightly  decreasing  the  capacity  recovery 
after  storage  at  45  °C  for  60  days.  For  the  second  group,  containing 
the  C15  Laves  phase,  ZrNi,  and  Zr7Niio,  the  effect  of  the  increasing 
abundance  of  phase  was  opposite.  In  that  particular  study  of  the 
effects  of  various  modifying  elements,  the  changes  in  secondary 
phase  abundances  were  not  the  main  design  factor  but  were  rather 
a  consequence  of  varying  the  level  of  modifier  additions.  Although 
statistically  meaningful  correlations  between  properties  and  pha¬ 
ses  fractions  were  found  in  Ref.  [12],  the  variations  in  phase 
abundance  with  the  alloys’  compositions  were  not  well  designed. 
Therefore,  the  current  study  was  designed  to  follow  systematically 
the  changes  in  secondary  phase  abundances  on  the  storage  prop¬ 
erties  in  a  new  series  of  alloys. 

In  Part  1  of  this  two-part  report,  the  microstructures  of  a  series 
of  AB2-based  MH  alloys  (Ti12.5Zr21VjoCrg.5MnxC01.5Ni46.5_x) 
designed  to  have  different  ratios  of  (Ti,Zr)xNiy  to  (Zr7Nii0  +  ZrgNiu) 
secondary  phases  by  varying  the  Mn/Ni-content  were  studied  [13]. 
The  trend  with  increase  in  the  alloys’  Mn  content  was  as  following: 
(1)  abundance  of  the  major  Laves  C14  phase  increased;  (2)  abun¬ 
dance  of  the  Cl 5  Laves  phase  decreased  to  zero;  (3)  the  secondary 
phase  abundance  of  the  ZrgNiu  phase  decreased;  (4)  abundance  of 
the  Zr7Niio  phase  first  increased  and  then  decreased;  (5)  abun¬ 
dance  of  the  TiNi-based  AB  phase  first  increased  from  0%  to  4%  and 
then  stabilized  at  2%.  From  the  morphology,  compositions,  and 
crystallographic  orientations  of  the  phases  it  was  concluded  that 
during  cooling  from  the  melt  the  C14  phase  was  solidified  first  and 
formed  the  core  of  a  dendritic  structure,  then  formation  of  the  C14 
phase  was  followed  by  a  secondary  C14'  or  C15  phase  that  coated  an 
initial  dendrite  structure.  The  inter-dendrite  region  was  occupied 
by  the  last-to-solidify  melt,  which  crystallized  into  the  B2  phase 
and  subsequently  underwent  further  solid-state  transformation 
into  Zr7Niio,  ZrgNiu,  and  AB-type  phases.  In  the  current  report,  the 
gaseous  phase  hydrogen  storage  characteristics  and  electro¬ 
chemical  properties  of  these  alloys  are  presented  and  correlated  to 
the  phase  abundances  reported  in  Part  1. 

2.  Experimental  setup 

Details  of  the  sample  preparation  can  be  found  in  Part  1  [13]. 
Pressure— concentration— temperature  (PCT)  characteristics  for 
each  sample  were  measured  using  a  Suzuki— Shokan  multi-channel 
PCT  system.1  In  the  PCT  analysis,  each  sample  was  first  activated  by 
a  single,  2  h  thermal  cycle  between  300  °C  and  room  temperature 
in  2.5  MPa  of  hydrogen. 

Electrochemical  properties  of  the  alloys  were  measured  with 
a  powder  pressed  electrode,  without  using  any  binder,  in  a  flooded 
half-cell  configuration.  In  preparation  for  the  electrochemical 
studies,  each  ingot  sample  was  ground  and  sized  using  a  200-mesh 
sieve.  The  sieved  powder  was  then  compacted  onto  an  expanded 
nickel  substrate  by  a  10-t  press  to  form  a  test  electrode  (about  1  cm2 
in  area  and  0.2  mm  thick)  without  binder.  Electrochemical 
measurements  were  performed  with  a  Solartron  1470  cell  test 
multi-channel  potentiostat  and  a  Solartron  1250  Frequency 
Response  Analyzer.  The  discharge  capacity  of  each  small-sized 
electrode  was  measured  in  a  flooded  cell  configuration  using 
a  partially  pre-charged  Ni(OH)2  sintered  electrode  as  the  positive 
electrode  and  a  6  M  KOH  solution  as  the  electrolyte.  The  system  was 
charged  at  a  current  density  of  50  mA  g_1  for  10  h  and  then  dis¬ 
charged  at  a  current  density  of  50  mA  g-1  until  a  cut-off  voltage  of 
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0.9  V  vs.  the  positive  electrode  was  reached.  The  system  was  then 
discharged  at  a  current  density  of  12  mA  g_1  until  a  cut-off  voltage 
of  0.9  V  was  reached,  and  then  finally  discharged  at  a  current 
density  of  4  mA  g_1  until  a  cut-off  voltage  of  0.9  V  was  reached. 
Linear  polarization  was  performed  by  scanning  the  potential 
from  -20  mV  to  +20  mV  of  the  open  circuit  voltage  at  a  rate  of 
0.1  mV  s_1.  For  the  potentiostatic  discharge  experiment,  each 
electrode  in  a  fully  charged  state  was  polarized  +0.6  V  vs.  the  open 
circuit  voltage  for  7200  s. 

3.  Results  and  discussion 

A  series  of  eight  AB2-based  alloys  with  various  Mn/Ni  ratios 
were  selected  for  this  study;  the  designed  compositions  are  listed 
in  Table  1.  Mn  was  chosen  as  a  controlling  factor  due  to  its  known 
low  solubility  in  ZrxNiy  phases  (mainly  Zr7Niio  and  ZrgNiu),  which 
is  expected  to  affect  the  presence  of  these  phases  [11,14—16]. 
Inductively  coupled  plasma  analysis  showed  that  the  average 
composition  of  each  arc-melted  alloy  was  very  close  to  the  design. 
Abundances  of  phases  present  in  the  alloys  were  calculated  based 
on  integrated  peaks  intensities  from  X-ray  diffraction  analysis 
(XRD)  and  using  volume  fractions  derived  from  SEM/EDS  compo¬ 
sitional  mapping;  the  abundances  are  listed  in  Table  1. 

3.1.  Gaseous  phase  hydrogen  storage  properties 

Gaseous  phase  hydrogen  storage  properties  of  the  alloys  were 
studied  for  PCT  characteristics  measured  at  30,  60,  and  90  °C.  The 
resulting  absorption  (A)  and  desorption  (D)  isotherms  measured  at 
30  °C  for  alloys  MN00-  MN07  are  plotted  in  Fig.  la  and  b.  All  PCT- 
related  properties  of  these  alloys  are  summarized  in  Table  2  and 
discussed  in  the  following  sections. 

3.1.1.  Mid-point  desorption  pressure 

For  the  multi-phase  AB2  MH  alloys,  the  PCT  isotherms  can  be 
considered  as  the  composites  of  many  hydrogen  storage  sites  with 
various  metal-hydrogen  bond  strengths,  which  are  different  from 
AB5  MH  alloys  with  simpler  phase  components  [17,18],  Therefore, 
the  PCT  isotherms  lack  a  well-defined  pressure  plateau  for  the 
metal  (a)— hydride  (/3)  co-existing  region.  In  order  to  compare  the 
hydrogen  equilibrium  pressures  among  the  alloys,  the  mid-point 
desorption  pressure,  defined  as  the  pressure  where  50%  of  the 
desorption  is  complete,  was  measured  for  each  alloy  and  listed  in 
Table  2.  The  mid-point  pressures  at  different  temperatures  are  used 
to  calculate  the  entropy  and  enthalpy  of  the  alloys’  reaction  (see 
later  sections).  In  general,  as  the  Mn-content  increases,  the  mid¬ 
point  desorption  pressure  decreases.  This  implies  higher 
metal-hydrogen  bond  strength  in  the  alloy,  which  is  also  consis¬ 
tent  with  the  expanding  C14  unit  cell  volume  found  in  XRD  analysis 
[13],  Compared  to  Ni,  Mn  has  3  fewer  outer-shell  electrons  and 
a  smaller  electronegativity,  which  results  in  a  relative  reduction  of 
the  repulsive  force  imparted  to  the  electron  accompanying  an 
adsorbed  hydrogen  atom.  Similar  results  were  obtained  previously 
for  a  series  of  predominantly  C14  AB2  alloys  with  various 
Mn/Ni-contents  [19]. 

3.1.2.  Slope  factor 

The  slope  of  the  PCT  isotherm  is  related  to  the  disordered  nature 
of  the  material,  which  can  be  attributed  to  the  number  of  phases 
present  in  the  alloys  [20],  substitutional  disorder  in  the  multi- 
component  phases  [21],  composition  variations  (coring)  in  the 
dendrites  [19,22,23],  and  a  high  density  of  interphase  and  inter¬ 
domain  interfaces  [24],  In  this  study,  the  slope  factor  was  calculated 
from  the  30  °C  desorption  isotherms  by  taking  the  ratio  of  the 
capacities  between  the  middle  region  (defined  as  between  0.01  and 
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Table  1 

Design  compositions  and  phase  abundances  estimated  from  XRD  patterns. 


Alloy  # 


MNOO 

MNOl 

MN02 

MN03 

MN04 

MN05 

MN06 

MN07 


Ti  (at.%)  Zr(aUI)  V(aOS)  Cr  Mn(a«)  Co(at%)  Ni  (at.%)  C14  C15  Zr7Nii0  Zr9Nin  AB 

(at.%)  phase  (%)  phase  (%)  phase  (%)  phase  (%)  phase  (%) 


12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 

12.5  21.0  10.0 


8.5  2.6  1.5 
8.5  5.6  1.5 
8.5  8.6  1.5 
8.5  11.6  1.5 
8.5  14.6  1.5 
8.5  17.6  1.5 
8.5  20.6  1.5 
8.5  23.6  1.5 


43.9  34  49 

40.9  65  23 

37.9  85  8 

34.9  90  4 

31.9  89  4 

28.9  97  ND 

25.9  97  ND 

22.9  98  ND 


3  ND 

2  1 

1  ND 

1  ND 

ND  ND 


0.5  MPa)  and  the  entire  reversible  region.  The  measured  slope 
factor  for  each  alloy  is  listed  in  Table  2  and  plotted  in  Fig.  2  as 
a  function  of  Mn-content.  With  the  increase  in  Mn-content,  the 


Hydrogen,  mass  fraction  % 


Hydrogen,  mass  fraction  % 

Fig.  1.  30  °C  PCT  isotherms  of  MNOO,  MNOl,  MN02,  and  MN03  (a),  and  MN04,  MN05, 
MN06,  and  MN07  (b)  alloys.  Open  and  solid  symbols  are  for  absorption  and  desorption 
curves,  respectively. 


slope  factor  remained  relatively  constant  except  for  a  very  low 
value  observed  on  sample  NM03. 

3.1.3.  PCT  hysteresis 

The  PCT  isotherm  absorption-desorption  hysteresis  was  calcu¬ 
lated  by  the  equation, 

hysteresis  =  ln(Pa/Pd)  (1) 

where  Pa  and  Pd  are  the  absorption  and  desorption  equilibrium 
pressures  at  50%  of  the  reversible  storage.  The  30  °C  PCT  hysteresis 
for  each  alloy  is  listed  in  Table  2  and  plotted  in  Fig.  2  as  a  function  of 
Mn-content.  PCT  hysteresis  in  AB2  alloys  has  been  demonstrated  to 
be  closely  related  to  the  unit  cell  aspect  ratio  (a/c)  of  the  major  C14 
phase  [25],  pulverization  rate  during  gaseous  phase  cycling  [26], 
and  average  electron  density  [27],  It  can  be  speculated  that  as  the  a/ 
c  aspect  ratio  increases,  the  distance  for  protons  to  hop  along  the 
c-axis  decreases.  This,  in  turn,  results  in  a  reduction  in  stress 
accumulated  between  the  metal  and  MH  phases  during  the 
hydriding/dehydriding  cycle,  and  thus  less  pulverization.  In  this 
series  of  alloys,  the  hysteresis  first  decreases,  reaches  the  minimum 
at  alloy  MN02,  increases,  and  finally  stabilizes  as  the  Mn-content 
increases. 

3.1.4.  Hydrogen  storage  capacity 

Both  the  maximum  and  reversible  storage  capacities  of  alloys 
MNOO  to  MN07  are  listed  in  Table  2  and  plotted  in  Fig.  3  as  functions 
of  Mn-content.  As  the  Mn-content  increases,  the  maximum  storage 
capacity  first  increases  and  then  maintains  at  the  maximum  level  at 
higher  Mn-contents  while  the  reversible  storage  capacity  also 
increases  in  the  beginning  but  slightly  decreases  from  the 
maximum  at  alloy  MN04.  The  increases  in  both  maximum  and 
reversible  storage  capacities  at  lower  Mn-contents  are  due  to  the 
increasing  hydrogen— metal  bond  strengths  as  seen  from  the 
decreasing  mid-point  pressures.  The  initial  increases  in  capacities 
also  correlate  well  with  the  increase  in  abundance  of  the  C14  phase. 
With  further  increase  in  Mn-content,  the  maximum  hydrogen 
storage  remains  about  the  same  due  to  the  limited  hydrogen 
storage  in  AB2H3  stoichiometry  (1.57—1.59%  by  mass  fraction 
depending  on  the  composition).  On  the  other  hand,  the  reversible 
storage  capacity  starts  to  decrease  due  to  the  strong 
metal— hydrogen  bonding,  which  acts  as  an  impediment  to 
hydrogen  desorption. 

3.1.5.  Changes  in  entropy  and  enthalpy 

The  mid-point  pressures  measured  at  three  different  tempera¬ 
tures  were  used  to  estimate  the  heat  of  hydride  reaction  (AH)  and 
the  change  in  entropy  (AS).  Results  for  all  alloys  are  listed  in  Table  2. 
As  the  Mn-content  increases,  both  -AH  and  -AS  values  initially 
increase  very  rapidly  and  then  much  more  slowly  at  higher  Mn- 
content.  The  increase  in  -AH  from  24.6  to  42.3  kj  mol-1  agrees 
with  the  corresponding  expansion  of  unit  cell  volume  and 
decreasing  mid-point  pressure.  When  the  hydrogen  storage 
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491 


Cycle  Number 


Cycle  Number 

Fig.  4.  Plots  of  capacities  measured  at  a  rate  of  50  mA  g_1  (a)  and  high-rate  dis¬ 
chargeabilities  (b)  of  alloys  MN00-MN07  for  the  first  13  cycles. 

increases,  reaches  the  maximum  at  the  alloy  MN03,  maintains  at 
the  same  level,  and  finally  decreases;  the  trend  is  very  similar  to 
that  of  the  gaseous  phase  full  capacity.  HRD  (the  ratio  between  the 
capacities  measured  at  high  rate  (50  mA  g-1)  and  low  rate 


(4  mA  g-1))  is  plotted  in  Fig.  4b  for  the  first  13  cycles  of  each  alloy  in 
this  study.  Observed  from  this  figure,  the  activation  in  HRD  is 
slower  than  that  in  full  capacity.  The  HRD  value  at  the  10th  cycle  for 
each  alloy  is  listed  in  Table  2,  which  increases  and  then  decreases  as 
the  Mn-content  increases.  The  maximum  of  HRD  occurs  at  alloy 
MN03.  HRD  is  strongly  influenced  by  the  bulk  hydrogen  diffusion 
and  surface  reaction;  both  are  measured  and  correlated  to  the  HRD 
values  in  the  next  two  sections. 

3.2.2.  Hydrogen  diffusion  coefficient  measurement 

The  bulk  hydrogen  diffusions  for  various  alloys  were  studied 
electrochemically  using  a  potentiostatic  discharge  technique  [29]. 
The  average  diffusion  coefficient,  D  (listed  in  Table  2  and  plotted  in 
Fig.  5  as  a  function  of  Mn-content),  was  calculated  from  the  semi¬ 
logarithm  of  the  current  response  vs.  time  (Fig.  6)  in  the  later 
stage  of  the  measurement  where  the  transport  property  was 
dominated  by  diffusion  (time  >2000  s).  As  the  Mn-content  in  the 
alloy  increases,  the  D  value  decreases  and  then  increases,  that  is 
opposite  to  the  trend  of  HRD.  Therefore,  in  the  alloys  under  the 
current  study,  the  HRD  has  little  connection  to  the  bulk  proton 
transport  property. 

3.2.3.  Exchange  current  measurement 

The  exchange  current  (/o),  a  measure  of  the  kinetics  in  the 
electrochemical  hydrogen  reaction  at  the  surface  of  the  electrode, 
was  calculated  from  the  polarization  of  the  electrode  using  the 
previously  published  method  [29],  The  linear  polarization  curves  of 
alloys  MN00-MN07  with  a  scan  rate  of  0.1  mV  s  1  measured  at  50% 
depth  of  discharge  and  room  temperature  are  shown  in  Fig.  7.  Iq 
measured  for  the  alloys  in  this  study  are  listed  in  Table  2  and  plotted 
in  Fig.  5  as  a  function  of  Mn-content.  The  Io  increases  very  rapidly  in 
the  beginning  (peaking  at  MN01 )  and  then  decreases,  which  is  very 
similar  to  that  of  HRD  except  for  alloy  MN01.  In  the  current  study, 
the  HRD  performance  of  these  AB2  alloys  is  dominated  by  the 
surface  reaction. 


3.3.  Discussion 

We  attempted  to  correlate  the  data  presented  above  on  both  the 
gaseous  phase  hydrogen  storage  and  electrochemical  properties  of 
the  studied  alloys  with  the  microstructures  and  phase  abundances 
reported  in  Part  1.  In  the  past,  the  only  study  on  the  individual 
contributions  from  Z^Niio  and  ZrgNin  was  demonstrated  in 


Mn-conntent  (mol  fraction) 


Fig.  5.  Plots  of  high-rate  dischargeability,  diffusion  constant  (D),  and  surface  exchange 
current  density  (i0)  as  functions  of  Mn-content. 


MN00-MN07. 
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without  losing  the  statistical  values)  with  four  levels  of  Sn,  Co,  Al, 
and  Fe  modifiers  [12],  In  the  current  study,  the  difficult  part  of  the 
analysis  is  that  the  linear  systematic  increase  in  Mn-content  and 
average  electron  density  results  in  non-systematic  changes  in  the 
abundance  of  the  secondary  phases.  Replacement  of  Ni  (whose 
radius,  r,  in  a  Laves  phase  alloy  is  0.1377  nm  [19])  by  Mn 
(r  =  1.428  A)  results  in  an  increase  in  the  unit  cell  volume,  increased 
storage  capacity,  and  decreased  plateau  pressure  [19],  Increasing 
average  electron  density  has  the  effect  of  moving  the  major  phase 
from  C14  to  C15.  In  a  previous  report  the  alloys  with  similar 
compositions  but  distinct  Laves  phases  have  been  studied;  the  C15 
phase  was  found  to  have  higher  gaseous  phase  hydrogen  storage 
capacity  and  reversibility,  superior  HRD,  and  increased  hydrogen 
bulk  diffusion  than  the  C14  phase  [11],  Therefore,  the  systematic 
changes  of  properties  found  in  the  current  study  can  be  attributed 
directly  to  the  variation  in  the  Mn-content. 

In  the  gaseous  phase  properties,  the  general  trend  of  decreasing 
plateau  pressure  with  higher  Mn-content  is  mainly  due  to  the 
change  in  composition  of  the  Laves  phases  and  not  related  to  the 
abundance  of  secondary  phases.  Mn,  with  a  larger  atomic  radius 
than  Ni,  enlarges  the  lattice  unit  cell  and  facilitates  the  hydride 
formation.  Maximum  hydrogen  storage  capacity  and  —AH  and  -AS 
are  also  strongly  influenced  by  the  Mn  content  for  the  same  reason. 
Both  PCT  slope  factor  and  hysteresis  decrease  as  Z^Niio  phase 
abundance  increases  in  the  alloys.  In  a  previous  study,  the  PCT 
curves  of  ZrxTi7_xNiio  ternary  alloys  exhibited  much  higher  slope 
factor  and  hysteresis  than  those  from  AB2  alloys  [14],  According  to 
this  study  slope  factor  and  hysteresis  should  have  positive  corre¬ 
lations  to  the  abundance  of  Z^Niio  phase  if  the  effects  from  the 
secondary  phase  are  independent  from  those  of  the  main  phase. 
The  found  correlations  in  the  opposite  direction  indicate  a  more 
complicated  scenario  that  involves  the  interaction  between  the 
main  AB2  phase  and  the  secondary  phases.  For  example,  the  inverse 
trend  observed  between  PCT  hysteresis  and  Z^Niio  phase  abun¬ 
dance  might  be  due  to  catalytic  contribution  from  the  Z^Niio  phase 
[14],  Higher  content  of  the  Z^Niio  phase  may  result  in  a  faster 
release  of  hydrogen  and  reduces  the  hysteresis.  The  gaseous  phase 
properties  also  show  the  correlation  between  the  reversible 
hydrogen  storage  capacity  and  the  AB  phase  abundance.  One 
possible  explanation  of  this  lowering  in  reversibility  is  the  relative 
stability  of  the  hydride  from  the  AB  phase.  For  example,  a  TiNi-type 
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B2  phase  forms  a  very  stable  hydride  whose  desorption  tempera¬ 
ture  is  as  high  as  550  °C  [30],  which  implies  that  such  a  phase 
should  not  contribute  directly  to  the  reversible  storage  capacities. 
Thus,  the  correlation  between  the  AB  phase  abundance  and  the 
reversible  storage  capacities  might  be  through  the  synergetic  effect 
between  the  phases  in  contact. 

In  the  electrochemical  properties,  the  number  of  cycles  needed 
for  capacity  activation  increases  as  the  amount  of  secondary  phases 
decreases.  Usually,  phases  with  higher  Ni-contents  are  easier  to 
activate  during  the  initial  cycling  [10].  AB  (TiNi-type),  Zr7Niio,  and 
ZrgNin  phases  all  have  a  smaller  B/A  stoichiometric  ratio  than  that 
of  the  AB2  phase.  However,  due  to  the  low  solubilities  of  V,  Cr,  and 
Mn  in  the  phases  [16,31,32],  the  Ni-contents  in  these  non-Laves 
secondary  phases  are  higher  than  that  in  the  main  AB2  phase  and 
therefore  contribute  positively  to  the  activation  of  the  alloy  surface. 
There  is  no  obvious  trend  found  in  HRD  activation  likely  due  to  its 
complicated  nature,  which  involves  creation  of  new  surfaces  by 
both  initial  pulverization  and  preferential  etching  on  surfaces,  and 
the  presence  of  catalytic  phases  on  the  surface,  which  may  also 
include  oxide,  metallic  inclusions,  pores,  and  tunnels.  The  trends  in 
full  and  high-rate  capacities  (increasing  and  then  decreasing)  are 
similar  to  the  change  in  AB  phase  abundance.  The  AB  (TiNi-type) 
phase  cannot  be  dehydrided  at  room  temperature  in  the  gaseous 
phase  but  can  be  fully  hydrided/dehydrided  in  the  electrochemical 
environment  [33]  and  therefore  contributes  to  the  electrochemical 
storage  capacity.  Compared  to  the  AB  phase  (TiNi-type)  with 


a  capacity  of  250  mA  h  g-1  [33],  the  contributions  from  the  Zr7Niio 
(110  mA  h  g-1)  and  ZrgNin  (90  mA  h  g-1)  [10]  phases  are  smaller. 
The  AB  phase  can  also  improve  the  high-rate  dischargeability 
through  the  same  synergetic  effect  as  in  the  gaseous  phase.  HRD 
and  /o  values,  with  rapid  increases  in  the  beginning  followed  by 
decreases  as  the  Mn-content  increases  in  the  alloys,  follow  the 
same  trend  in  Zr7Niio  phase  abundance.  The  positive  contribution 
of  Zr7Ni10  phase  to  HRD  has  been  reported  previously  [12], 

Correlation  factors  (R2)  were  used  to  quantify  the  significance  of 
the  identified  correlations  between  the  phase  abundances  and 
various  properties  reported  in  Sections  3.1  and  3.2;  the  results  are 
listed  in  Table  3.  In  the  first  two  rows,  the  results  of  the  correlations 
of  Laves  phases  abundances  to  mid-point  pressure,  gaseous  phase 
storage  capacities,  and  AH  and  AS  values  are  shown.  As  the  C14 
phase  abundance  increases  at  the  expense  of  C15,  the  hydride 
becomes  more  stable  with  a  stronger  metal— hydrogen  bond  and 
a  higher  storage  capacity.  This  finding  is  different  from  the 
conclusion  of  an  earlier  study  comparing  virgin  and  annealed 
samples  with  the  same  average  composition  showing  C15  phase 
with  a  higher  hydrogen  storage  capacity  [11],  This  variation  is 
because  the  alloys  in  this  study  have  different  chemical  composi¬ 
tions  resulting  in  different  metal-hydrogen  bond  strengths,  which 
supersede  the  influence  from  crystal  structures.  From  the  XRD 
analysis,  the  phase  abundance  of  ZrgNin  was  found  to  have  a  very 
similar  trend  as  that  of  the  Cl  5  phase  abundance  and  therefore  the 
similarity  of  results  for  C15  (row  2)  and  ZrgNin  (row  4)  is  expected 
(Table  3).  The  contribution  from  ZrgNin  cannot  be  isolated  in  the 
current  study  since  the  trend  of  its  abundance  is  masked  by  similar 
changes  in  the  main  C14  and  C15  phases.  The  Zr7Niio  phase 
abundance  has  a  significant  correlation  to  HRD  as  was  discussed  in 
Section  3.3  (see  Fig.  8).  Correlations  of  the  AB  phase  abundance 
with  various  properties  are  shown  in  the  5th  row  of  Table  3.  The  AB 
phase  is  important  to  the  gaseous  phase  reversible  capacity,  and  the 
correlation  is  plotted  in  Fig.  9.  In  the  electrochemical  properties,  AB 
phase  shows  more  significance  in  affecting  the  full  capacity  rather 
than  the  high-rate  capacity  and  therefore  has  no  correlation  to 
HRD.  Both  ZrNi  [4,34]  and  TiNi  [35]  are  known  MH  alloys  with  too 
strong  metal-hydrogen  bonds.  In  the  current  multi-phase  alloys, 
these  AB  phases  will  contribute  to  the  extra  electrochemical 
capacity  through  the  synergetic  effect  from  neighboring  phases 
with  higher  hydrogen  equilibrium  pressure  [9—12,36]. 

4.  Summary 

Both  the  gaseous  phase  and  electrochemical  properties  of 
a  series  of  alloys  with  systematical  changes  in  the  Zr7Niio,  ZrgNin, 
and  AB  (TiNi-type)  phase  abundances  were  studied.  The  contribu¬ 
tions  from  the  ZrgNin  phase  are  difficult  to  isolate  in  this  series  of 
alloys  since  the  trend  of  its  abundance  is  masked  by  similar  changes 
in  the  main  C14  and  C15  phases.  The  Zr7Nijo  phase  is  found  to  affect 
the  electrochemical  high-rate  dischargeability  but  not  the  gaseous 
phase  reversible  storage  capacity.  Further  analysis  indicates 
stronger  correlation  of  the  Zr7Niio  phase  with  the  surface  exchange 
current  than  with  the  bulk  diffusion  coefficient.  The  AB  phase  is 
found  to  correlate  well  with  the  gaseous  phase  reversible  capacity. 
AB  phase  is  also  found  to  correlate  better  with  the  full  electro¬ 
chemical  capacity  than  with  the  high-rate  capacity.  The  activation 
becomes  more  difficult  when  the  total  amount  of  secondary  phase 
abundances  decreases. 
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